Abstract. Two-dimensional finite element modeling is used to model subduction of an oceanic lithospheric plate beneath continental lithosphere. The subduction process is initiated along a preexisting inclined fault and continues until reaching 400 km of total convergence. The lithosphere is assumed to be underlain by an inviscid asthenosphere. Different rheological laws have been considered for the lithosphere, including elasticity and elastoplasticity. The modeling shows that both the stress system in the plates and the surface topography are strongly dependent on two main parameters: the density contrast between lithosphere and asthenosphere ( Ap = Pz -PA ) and the coefficient of friction along the subduction plane. Varying these two parameters allows explanation of the main characteristics of real subduction zones and results in two major regimes manifested by extension or compression in the arc-back arc system. Extension and back arc rifting corresponds to a positive density contrast and a low coefficient of friction, while negative Ap values and/or high friction leads to a compressional regime. The coexistence of trench arc compression and back arc tension is only possible for a coefficient of friction lower than 0.1. The results of the numerical experiments agree with those of experimental modeling conducted under similar physical assumptions.
Introduction
The existence of two basically different types of subduction was first suggested by Uyeda and Kanamori [1979] on the basis of both seismological and geological data [3/1olnar and Atwater, 1978]. Chilean-type subduction is characterized by compression presented two-dimensional modeling of the subduction process, including studies of the horizontal motions and of the state of stresses in different subduction conditions. Initiation of subduction and progressive sinking of the slab were not usually modeled in these works. At present and to our knowledge, the most complete simulated subduction results are those obtained of the overriding plate, while the Mariana-type is associated with extension of the upper plate and back arc spreading. One of the by Shernenda [1993, 1994] via analog models, which yielded principal problems related to some subduction zones of the general conclusions about the generation of tension in the second type is the coexistence of tensional and compressional stresses [Otsuki, 1989; Whittaker et al., 1992] . In order to explain this association, it appears necessary to study the stress regime generated by the subduction process, and some efforts have recently been made to model lithospheric subduction through laboratory experiments and numerical computations. Beyond elastic domain, three regimes of rock behavior can be considered for the lithosphere: brittle, semibrittle, and ductile [Kirby, 1980] . For the sake of simplicity we assume that most of the lithospheric strength is retained by the brittle part. This zone is characterized by a pressure dependent yield strength [Paterson, 1978] . We mimic the brittle behavior using an elastoplastic pressure dependent law for which the failure criterion is the Drucker-Prager one [Desai and Siriwardane, 1984 One of the primary forces that influences the subduction system is the slab pull force due to density contrast between lithosphere and asthenosphere. Because our lithosphere is a compressible solid due to its elastic properties, an equally compressible asthenosphere is assumed. We also model asthenosphere as an inviscid fluid. This second assumption means that viscous interaction between the subducted plate and the surrounding mantle is neglected. This simplification is similar to that made by Shemerida [1993] and is partially supported by the fact that the viscosity of the asthenosphere is several orders less than that for the lithosphere. Under these two assumptions, the interaction of the asthenosphere on the lithosphere may then be reduced to an hydrostatic pressure which acts on each part of the lithosphere boundary in contact with the fluid. The density of the asthenosphere and the pressure at depth z are computed by solving the state equations' don -fldps p,4
dpsg dz where [3 is the compressibility modulus which is assumed to be constant and equal to the lithospheric value. Noting by •-z-z h the depth beneath the top of the hydrostatic column, z h , and knowing that p.q = pøA at •-0, we obtain PJ 1-fi p,• g •, We use a finite element method for space discretization associated with a dynamic relaxation method for time discretization [Underwood, 1983; Belytschko, 1983 
Subduction of an Elastic Homogeneous Plate
The model used for the simulation is displayed in Figure 1 .
The lithospheric plate has a thickness H and a density pz, and lies over an asthenospheric fluid with a density PA. 
Bending of an Elastoplastic Plate
Although modeling with an elastic plate is able to explain some significant features of subduction zone morphology, it leads, however, to high stress levels in the oceanic lithosphere The subduction of an oceanic plate has been numerically motion through a viscous fluid. The viscous resistance was not modeled using a finite element method. The basic assumptions taken into account in our simulations in which the asthenosphere are relatively simple. A great variety of plate dips, topographical was assumed to be inviscid. In the work by Dvorkin et al. [1993] features, and stress regimes have been obtained by varying a the formation of back arc basin was linked to the stability of the few parameters. Within the limits of our modeling, the two slab which was determined by its width. If the slab is narrow, significant parameters appear to be the density contrast between sideways asthenospheric flow reduces the suction, resulting in a the lithosphere and the asthenosphere (Ap = Pt-P,•), and the rapid sinking of the slab. This three-dimensional effect can not friction coefficient g between the two plates. For a positive be accounted by the method used. Ap value, a striking feature is that the stress regime in the Our modeling results are in good agreement with the overriding plate may be totally tensional, totally compressive, or numerical simulations of Zhong and Gumis [1994] in terms of compression and tension may coexist, depending on the friction trench topography. Also both studies show that the shear stress coefficient. Varying these two parameters provides a simple along the subduction fault must be limited to allow the onset of quantitative explanation of the different strain characteristics of back arc extension. On one hand, the similarities between our real subduction zones, from the extensive Mariana arc to the results and those of Zhong and Gurnis are not surprising, because compressive Chilean arc region, as well as the dip of the slab.
in both studies the main acting force is the slab pull. On the However, more complex mechanisms have been proposed to other hand, similar results may be unexpected due to two major explain these observations, in particular, back arc spreading differences between these models. for each element is computed from the user time step At, the element size and the elastic parameters in such a way that the travel time of a P wave to cross the elem6nt is greater than the user time step At:.
• = (K+•G) (B6)
where h is the smallest dimension of the element, K and G are the bulk and the shear modulus, respec•tively, and r is a factor chosen greater than 1 to ensure a safety margin. 'When contact between bodies is invoked, the algorithm must be modified in the following manner:
1. Prediction phase: The "free" accelerations iiF and velocities •F at each node are compute d using (B3) and (B4). 
